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Edited by Berend WieringaAbstract The verprolin family of proteins, WIP, CR16 and
WIRE/WICH, has emerged as critical regulators of cytoskeletal
organisation in vertebrate cells. The founding father of the fam-
ily, verprolin, was originally identiﬁed in budding yeast and later
shown to be needed for actin polymerisation during polarised
growth and during endocytosis. The vertebrate verprolins regu-
late actin dynamics either by binding directly to actin, by binding
the WASP family of proteins or by binding to other actin regu-
lating proteins. Interestingly, also the vertebrate verprolins have
been implicated in endocytosis, demonstrating that most of the
functional modules in this fascinating group of proteins have
been conserved from yeast to man.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Verprolin was originally identiﬁed during a screen for a vin-
culin-like gene in budding yeast, Saccharomyces cerevisiae,
employing low stringency hybridisation conditions. In the
end, no yeast vinculin could be found, instead the study re-
sulted in the identiﬁcation of a very proline-rich protein
(Vrp1p) [1]. Shortly after this initial study Vrp1p was further
conﬁrmed to be important for actin organisation and endocy-
tosis [1,2]. With the advancement of sequencing of complete
genomes, it became obvious that genes encoding verprolins
can be found in most eukaryotic organisms, with the clear
exception for plants; none of the plant genomes sequenced
so far have revealed the presence of any genes encoding verpr-
olins. Whereas fungi, nematodes and insects each have one
gene-copy of verprolin, vertebrates have three genes encoding
verprolin-like proteins (Fig. 1B). The human verprolin family
consists of WASP-interacting protein (WIP), glucocorticoid-
regulated gene-product (CR16), and WIP-related (WIRE, also
known as WIP and CR16 homologous protein, WICH) [3–6].
The verprolins have emerged as important eﬀectors for signal-
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doi:10.1016/j.febslet.2005.08.053of proteins. In addition, the verprolins can inﬂuence the actin
polymerisation machinery in a manner independent of the
Wiskott–Aldrich syndrome protein (WASP) family of pro-
teins. This review is intended to summarise some critical as-
pects of our current knowledge of the diverse functions of
the verprolins.2. Domain organisation
The size of the verprolin gene-products varies from species
to species, but the over-all domain organisation is highly sim-
ilar. The yeast Vrp1p comprises 817 amino-acid residues,
whereas the human WIP comprises 503, WIRE 440 and
CR16 483 amino-acid residues, respectively (Fig. 1C). WIP
and WIRE are each expressed in a ubiquitous manner, in con-
trast, CR16 has a pattern of expression essentially restricted to
brain, heart, lung, and colon [3–6]. The N-terminal proline-
rich motif of the verprolins contains one or several motives
implicated in binding to the actin monomer binding protein
proﬁlin. The consensus proﬁlin-binding motif, XPPPPP in
which X most often is represented by a Gly, Ala, Leu, Ser or
an Ile (also known as the ABM-2 or PRM1 motif), is present
in one or two copies in the N-terminus of all mammalian ver-
prolins [7,8]. WIP and WIRE have each been shown to bind
proﬁlin and in the case of WIRE it was shown that the ﬁrst
95 amino-acid residues were responsible for the interaction
[3,5]. All human verprolins contain additional XPPPPP motifs:
one in CR16, two in WIP and ﬁve in WIRE, however, it is not
known if these motifs also participate in proﬁlin-binding under
physiological conditions. All three members of the human ver-
prolins are extremely proline-rich (27–29%), and in addition to
binding proﬁlin, the proline-rich motifs have been implicated
in the interaction with SH3 domains. Vrp1 has been shown
to bind to the SH3 domain of Myo3p, Myo5p and Hof1p/
Cyk2p [9,10]. WIP and WIRE have been shown to bind to
Nck and cortactin ([5,11,12], PA unpublished). In addition,
WIP binds to Hck and CrkL, but based on the multitude of
proline-rich motifs, all vertebrate verprolins are likely to bind
additional SH3 domain-containing proteins [13,14].
All verprolins studied so far contain N-terminal WASP
homology 2 (WH2) motifs (Fig. 2A). This type of motif is found
in a number of putative actin-binding proteins. In mammalian
cells, WH2 motifs are found in the WASP/WAVE(Scar), CAP,
MIM and verprolin families of proteins [15]. In addition, theblished by Elsevier B.V. All rights reserved.
Fig. 1. (A) Schematic representation of the human verprolin family WIRE, CR16 and WIP. The chromosomal localisation of the human verprolins
is shown in the box. The exact chromosomal localisation of the gene encoding CR16 is not fully deﬁned. Since the genomic organisation of the
human CR16 gene is unknown, it is possible that the size of the polypeptide might diﬀer slightly from the calculated 483 amino-acid residues. (B)
Phylogram of all verprolin genes currently available in the public databases. (C) Amino-acid sequence alignment of all human verprolins. The
position of the potential proﬁlin-binding motif is highlighted in blue, the positions of the WH2 domains are highlighted in red and the WASP-binding
motif is highlighted in pink.
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closely related to WH2 motifs. Most of the WH2 domain-con-
taining proteins have one copy of the motif; however N-WASP
and the verprolins have two tandemWH2motifs. The coreWH2
motif is composed of about 20 amino-.acid residues and the ver-
prolin WH2 motif 1 has a consensus sequence: RXALLX-
dIXkGXkLkK, where the kLkK seems critical for binding to
actin (Fig. 2A). The WH2 motif 2 is less conserved:
lgglfagGXpkLrp (Fig. 2A). The WH2 motifs are supposed to
confer binding to G-actin, although it has not been shown if this
is true for all of the verprolinWH2motifs. However, it has been
shown that WIP and CR16 can interact with G-actin, as well as
F-actin [3,16,17].The WASP-binding motif resides in the C-terminus of the
verprolins and the exact position of the WASP-binding site
was proposed before it was actually experimentally con-
ﬁrmed [3] (Fig. 2B). Interestingly, mutations in the WASP
WH1 domain identiﬁed in patients with WAS (Wiskott–
Aldrich syndrome) were shown to abolish the interaction
between WASP and the verprolins, hence demonstrating
the importance for the WH1 domain for the binding to ver-
prolins, but also suggesting a critical role for the verprolins
in WASP signalling [18]. Structural modelling has implicated
that the WH1 domains in WASP and N-WASP are structur-
ally related to the Ena/VASP homology 1 (EVH1) domains
found in proteins, such as Mena, Ena and VASP [19–21].
Fig. 1 (continued)
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motif: (D/E)FPPPPX(D/E)(D/E), often referred to as an
ABM-1 or PRM2 motif [7,8,21]. Since similar motifs,
DLPPPEP and DFPAPEE, were found in the C-terminus
of WIP and WIRE, respectively, it was more or less taken
for granted that the WASP-binding was mediated through
this core motif (Fig. 1C and Fig. 2B). This was later ques-
tioned in a report, which instead pointed to the importance
of aromatic amino acid residues N-terminally to the FPPPP-
like motif [22]. NMR modelling of the N-WASP WH1 do-
main, in a complex with a peptide from the C-terminus of
WIP rather suggested a critical importance for the FPPPP-
like motif in mediating the WASP-binding [23]. This is prob-
ably not much of a controversy, since a study of the WIRE-
WASP binding ability demonstrated that, in fact, both
motifs are important for mediating WASP interaction [24].
Presumably, this reﬂects that the two motifs are part of a
larger domain responsible for the interaction to WASP
and N-WASP.3. Verprolin in actin regulation: lessons from yeast
In yeast cells, ﬁlamentous actin is organised in patches at the
cell cortex and in cables [25]. The actin patches accumulate in
the bud and at the site of cell–cell separation, as well as, on
other sites of polarised cell surface growth, such as in the pro-
jecting so-called shmoos seen in budding yeast undergoing
mating [25]. The actin patches appear to be formed from
invaginations of the plasma membrane covered with a coatof actin ﬁlaments [26]. Live cell imaging has demonstrated that
the patches are highly dynamic and under a perpetual recon-
struction during the phases of polarised growth [27]. Disrup-
tion of the VRP1 gene leads to a random distribution of
actin patches, abolished chitin ring formation and decreased
endocytosis of the a mating factor, suggesting that Vrp1p is
essential for polarised growth of budding yeast [1,2]. Interest-
ingly, mammalian WIP was shown to rescue the defects in
endocytosis and cytoskeletal organisation seen in vrp1 mutant
yeast indicating that the functional modules in the protein are
evolutionary conserved [28]. Several of the components critical
for the Vrp1p-dependent actin polymerisation have been iden-
tiﬁed. Vrp1p has been shown to work in concert with the type I
myosins Myo3p and Myo5p, the WASP homologue Las17/
Bee1 and the Arp2/3 complex, to orchestrate the yeast actin
organisation, as well as endocytosis of the a mating factor
receptor (also known as Ste2p) [29–31]. Vrp1p is also function-
ing during cytokinesis since growth of vrp1 yeast is arrested at
elevated temperatures. In addition, the protein is needed for
the correct localisation of Hof1p/Cyk2p to the site of the
bud [32]. Moreover, the function of Vrp1p is not restricted
to actin regulation; it has also been shown to have a role in
regulating themitochondrial-cytoplasmic shuttling of a nuclear-
expressed mitochondrial protein called Mod5p [33].4. Vertebrate verprolins and actin dynamics
Work on the vertebrate verprolins indicate that many of
their eﬀects on actin polymerisation are mediated via the
AB
Fig. 2. (A) Alignment of the verprolin WH2 domains from diﬀerent species. The core motif kLkK is shaded in grey. The capital letters in the
consensus motif denote identical amino-acid residues, whereas the lower-case letters denote conserved amino acid replacements or simply the most
prominent amino-acid residue in that particular position. (B) Alignment of the verprolin WASP-binding motifs from diﬀerent species. The amino-
acid residues critical for WASP-binding are shaded in grey. The alignment was performed employing the ClustalW algorithm.
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cells, 95% of N-WASP has been said to be sequestered by
WIP, keeping N-WASP in an inactive conformation (men-
tioned as unpublished observation in [34]). It is not known
if this is true also for the other mammalian verprolins.
One study showed that Cdc42-dependent ﬁlipodia, triggered
by microinjection of constitutively active Cdc42 or by treat-
ing the cells with bradykinin, required WIP since microinjec-
tion of an inhibitory anti-WIP antibody abrogated the
ﬁlopodia formation [34]. WIP has also been found to be
needed for the recruitment of N-WASP and the Arp2/3 dur-
ing the intracellular motility of Vaccinia virus, leading to a
model in which the tyrosine phosphorylated, virus-encoded,
protein A36R, residing on the surface of the virus, recruitsNck, which, in turn, recruits WIP, N-WASP and the Arp2/
3 complex, thereby inducing intracellular motility of the
virus particles [35,36] (Fig. 3A). An Nck/WIP/N-WASP-
dependent pathway was also shown to be active during the
formation of invadopodia in metastatic rat adenocarcinoma
MTLn3 cells during invasive growth [37]. In yeast, the
FCH domain-containing protein Hof1p/Cyk2p and Vrp1
were shown to collaborate during cytokinesis [32]. No role
for the mammalian verprolins in cytokinesis has been identi-
ﬁed, so far, but WIP was shown to bind the Cdc42-binding,
FCH domain-containing protein Toca-1, which is related to
the yeast protein Hof1p/Cyk2p [38]. This study showed that
Toca-1 and the WIP:WASP complex work in concert during
Cdc42-dependent actin assembly.
Fig. 3. Schematic representation of some possible mechanisms for the verprolin-regulated actin polymerisation in vertebrate cells.
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exogenous WIP showed an increased formation of membrane
ruﬄes, in particular dorsal ruﬄes, in response to PDGF [39].
Conversely, lung ﬁbroblasts derived from WIP/ mice have
a much lower capacity to form dorsal ruﬄes compared to their
wild-type counterparts. The enhanced ruﬄe formation was
dependent on the actin-binding capacity of WIP, since a mu-
tant WIP, in which the WH2 domains had been deleted, was
unable to mediate the PDGF-induced formation of dorsal ruf-
ﬂes. Exogenously expressed WIRE, WIP and CR16, are able
to shift the balance of PDGF-stimulated PAE/PDGFRb cells
from the formation of edge ruﬄes to the formation of ﬁlopo-
dia, indicating that the verprolins have roles in the formation
of ﬁlopodia, rather than in the formation of lamellipodia
[24]. This eﬀect was not mediated via WASP, as mutants of
WIRE and WIP, which do not bind WASP, are still able to in-
duce ﬁlopodia upon PDGF stimulation [24]. Ectopic expres-
sion of WIRE and WIP has been shown to lead to an
increased bundling of actin ﬁlaments [24,40]. In the case of
WIRE, the appearance of F-actin bundles in WIRE-expressing
cells was associated with a decreased amount of G-actin in the
cells [24]. In agreement with this observation, WIRE (called
WICH in this recent study) was shown to directly cross-link
actin ﬁlaments [41].5. Verprolins and endocytosis: possible linkers between actin
dynamics and endocytois
There is a close correlation between actin dynamics and
endocytosis of the a factor receptor in yeast, something whichhas been suggested by genetic screens, as well as, by live cell
imaging demonstrating that essentially the same set of pro-
teins, one of them being Vrp1, are involved in actin patch
formation and in endocytosis [25,27,42]. The need for the ac-
tin ﬁlament system during endocytosis in vertebrates has been
debated, but there are in fact several observations that sug-
gest an active collaboration between the actin ﬁlament system
and the endocytosis machinery [43,44]. Interestingly, N-
WASP, in collaboration with the FCH-domain-containing
protein syndapin, has been shown to have a role in endocy-
tosis of the transferrin receptor [45]. Furthermore, WIRE
has been implicated in internalisation of the PDGFb receptor
suggesting that the roles for the verprolins and WASP family
of proteins in endocytosis are conserved from yeast to man
[24,43,45].6. Verprolin, WASP and the Wiskott–Aldrich syndrome
WASP is a protein that is found mutated in the rare
X-linked immunodeﬁciency disorder WAS [46,47]. This disease
is characterised by severe immunodeﬁciency aﬀecting T- and
B-cells, eczema and thrombocytopenia. In addition, WAS
patients have an increased incidence of lymphoreticular
malignancies. WASP from patients harbours mutation in
the WASP gene, and there is a prevalence of point muta-
tions in the N-terminus of WASP and in particular in the
WH1 domain of WASP [46,47]. These mutations have been
shown to lead to a reduced or abolished binding to the ver-
prolins, suggesting that the verprolin family of proteins is a
critical mediator of the normal biological function of
5258 P. Aspenstro¨m / FEBS Letters 579 (2005) 5253–5259WASP [16]. WIP deﬁciency does not seem to lead to a syn-
drome with the severe immunodeﬁciency associated with
WAS, at least not in mice. WIP/ mice are not dying pre-
maturely and they display no obvious diﬀerences from their
wild-type littermates [48]. The lack of a strong phenotype in
WIP/ mice, suggests that WIRE and CR16 can, to some
extent, compensate for the lack of WIP. Although WIP/
mice have normal lymphocyte development, the WIP/
T-cells have decreased abilities to proliferate, secrete IL-2,
and alter the cell shape in response to T-cell receptor
activation [48]. Both T- and B-cells have decreased amount
of subcortical actin ﬁlaments [42]. In addition, WIP is
needed for the signalling downstream of the high aﬃnity
receptor for IgE (FceRI) in mast cells, since it was shown
that bone marrow-derived mast cells were impaired in their
capacity to degranulate and secrete interleukin 6 after acti-
vation of the FceRI [49]. One intriguing study has given
some insights into how WIP collaborate with WASP during
the actin polymerisation induced by T-cell receptor engage-
ment. The actin polymerisation occurring upon T-cell recep-
tor ligation requires WASP and is critical for T-cell
activation [14]. T-cell receptor ligation result in the forma-
tion of a ZAP-70/CrkL/WIP/WASP complex, which is re-
cruited to lipid rafts at the immunological synapses [14]
(Fig. 3B).7. Concluding remarks
A picture is now emerging, demonstrating how the verpr-
olins work to inﬂuence the actin polymerisation machinery,
but it still diﬃcult to put these proteins into a general
scheme. However, we can at least produce a couple of rather
specialised schemes, such as the involvement of verprolins in
intracellular propulsion of Vaccinia virus (Fig. 3A) and the
role of verprolins in actin reorganisation after T-cell receptor
ligation (Fig. 3B). In a general context, there are several po-
tential parallel pathways involving the verprolin family that
lead to actin polymerisation and some of the possible routes
are depicted in Fig. 3C (WIP depicted in the ﬁgure could
potentially be replaced by WIRE or CR16 in the scheme).
Activated tyrosine kinase receptors can potentially induce
actin polymerisation via Nck, which binds to the activated
receptor. Nck could then attract the WIP/N-WASP complex
to induce actin polymerisation. Alternatively, phosphoinosi-
tides, such as PIP2, might disrupt the WIP/N-WASP com-
plex [34]. The autoinhibited and released N-WASP could
then be activated, possibly by the concerted binding to
PIP2 and to activated small GTPases, such as Cdc42, and
induce actin polymerisation [50,51]. The released WIP could
also induce actin polymerisation via another binding part-
ner, such as cortactin, which could induce Arp2/3 dependent
actin polymerisation [12]. Alternatively, WIP could aﬀect the
actin ﬁlament system by direct binding to F-actin or to G-
actin [3,41]. Although, we do not see the exact mechanisms
by which the verprolins communicate with the actin poly-
merisation machinery, it is obvious that they are essential
players in the signalling pathways that link activated trans-
membrane receptors and the actin polymerisation machinery
and, thereby, regulate the morphogenic and migratory abili-
ties of vertebrate cells.Acknowledgements: I acknowledge C.-H. Heldin for comments and
suggestions during the processing of the manuscript. This work per-
formed in the laboratory of the author has been supported in part
by grants from the Swedish Cancer Society, Swedish Science Council
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